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Nucleation processes of mixed-phase states are an intrinsic characteristic of first-order phase tran-
sitions, typically related to local symmetry breaking. Direct observation of emerging mixed-phase
regions in materials showing a first-order metal-insulator transition (MIT) offers unique opportu-
nities to uncover their driving mechanism. Using photoemission electron microscopy, we image
the nanoscale formation and growth of insulating domains across the temperature-driven MIT in
NdNiO3 epitaxial thin films. Heteroepitaxy is found to strongly determine the nanoscale nature
of the phase transition, inducing preferential formation of striped domains along the terraces of
atomically flat stepped surfaces. We show that the distribution of transition temperatures is a lo-
cal property, set by surface morphology and stable across multiple temperature cycles. Our data
provides new insights into the MIT of heteroepitaxial nickelates and points to a rich, nanoscale
phenomenology in this strongly correlated material.
Rare-earth nickelates are strongly correlated electron
systems in which structural and electronic properties are
interconnected [1, 2]. A well-studied member of this fam-
ily is NdNiO3, which shows a first-order temperature-
driven metal-insulator transition (MIT) accompanied by
a structural phase change and the appearance of uncon-
ventional magnetic order [3–6]. Several models have been
proposed to describe its electronic structure, however the
microscopic mechanism of the phase transition is still
debated [7–13]. A number of experiments underscores
the key role of the lattice, as demonstrated by the influ-
ence of hydrostatic pressure, epitaxial strain and resonant
phonon excitation on the MIT [14–23]. The coexistence
of metallic and insulating regions in the vicinity of the
MIT, typical of first-order phase transitions, has been
discussed with an expected domain size of a few tens of
nanometre [16, 24]. However, the formation of insulating
domains has been inferred, so far, mainly from macro-
scopic transport measurements [25–28]. In this thermo-
dynamic limit the influence of nanoscale control param-
eters, such as local strain fields, lattice distortions and
inhomogeneity, is buried in the statistical average of mul-
tiple domains. To achieve fundamental understanding
and control of phase separation, access to the nanoscale
regime is required[29, 30].
Several methodologies have been used for nanoscale
imaging of mixed metallic and insulating phases in cor-
related oxides, including scanning tunnelling microscopy
[31], near-field infrared microscopy [32] and scanning
electron microscopy [33]. Nanoscale phase separation
across a phase transition has also been studied using pho-
toemission electron microscopy (PEEM) [34, 35].
Here we use PEEM to image nano-domain formation
and disappearance in NdNiO3. This technique combines
a spatial resolution of a few tens of nanometres with real-
time imaging, allowing us to track the MIT in nickelates
at different stages of its evolution. Our findings show
that heteroepitaxy of NdNiO3 on atomically flat stepped
surfaces leads to the formation of striped insulating do-
mains, which nucleate and grow along surface terraces
across the MIT. We discuss how morphological charac-
teristics act as a template for phase separation, determin-
ing the local transition temperature, as well as domain
nucleation and growth pathways. Our data provides ev-
idence, for the first time in the nanometre range, for the
strong coupling between structural and electronic degrees
of freedom in the rare-earth nickelates.
RESULTS
Sample characterisation
For this experiment a 30-unit-cell-thick NdNiO3
(001)pc epitaxial film was grown on a NdGaO3 substrate.
The epitaxial strain imposed by the substrate sets the
transition temperature for the MIT and the width of the
hysteresis loop [17]. As shown in the atomic force mi-
croscopy image and related line profile in figs. 1a and 1b,
the film presents an atomically flat surface with steps and
terraces that mimic the underlying substrate. Figure 1c
shows a θ–2θ X-ray diffraction scan around the (001)pc
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FIG. 1. Characterisation of the 30-unit-cell-thick
NdNiO3 film. (a) Surface morphology with single unit cell
steps (∼ 0.4 nm) and terraces (200 nm to 300 nm in width)
as measured by atomic force microscopy; scale bar 1µm.
(b) Cross-section profile showing the film step height and
average terrace width. (c) X-ray diffraction data (black)
around NdNiO3 (001)pc peak, fitted with a kinematic scat-
tering model (red). (d) Resistance versus temperature from
the transport measurement, where TMI (blue dot) and TIM
(red dot) are indicated as extracted from the peaks of
−∂ logR/∂T . (u.c., unit cell).
peak of the NdNiO3 film. Finite size oscillations are ob-
served and fitted with a kinematic scattering model, in-
dicating high crystalline quality and confirming the ex-
pected film thickness of about 11 nm.
The MIT hysteresis, associated with the formation
of insulating domains, is measured by four probe DC
transport (fig. 1d). We define the transition tempera-
tures TMI = 150 K and TIM = 178 K as the peaks of
−∂ logR/∂T on cooling and heating, respectively (Sup-
plementary Fig. 1) From the peaks separation we calcu-
late the hysteresis width ∆TMIT = 28 K. In agreement
with previous reports [16], the MIT width in thin films
appears much broader than in bulk NdNiO3, signalling
the influence of heteroepitaxy on the phase transition
evolution.
Imaging contrast mechanism
To image the different electronic phases, we perform
X-ray absorption spectroscopy (XAS) at Ni L3 absorp-
tion edge. We use σ-polarised X-rays and acquire the
signal in total electron yield, thus probing the material
surface down to a few nanometres. In fig. 2a the tem-
perature dependence of the Ni L3 XAS is presented (see
Supplementary Fig. 2 for XAS on a broader photon en-
ergy range and with different polarisation). The most
intense absorption peak shifts towards lower photon en-
ergies upon cooling the sample from the metallic state at
T = 185 K to the insulating one at T = 140 K. This is
consistent with an increased energy splitting of the Ni L3
multiplet in the insulating phase due to a partial change
of Ni valence state [13, 36]. The observed energy shift
provides a contrast mechanism suitable for our study.
Above the MIT, the XAS spectra measured over the
full field of view do not display significant variations com-
pared with the noise level of the experiment. Below
the MIT, instead, the sample shows different spatially-
dependent XAS spectra, divided in two subsets with a
relative shift in absorption edge (fig. 2c). The maxi-
mum difference between the two subsets spectra is ob-
served at 852.0 eV and 852.7 eV. We thus construct elec-
tronic phase maps by acquiring PEEM images at these
two photon energies, and calculating their difference pixel
by pixel. The use of fixed energy values slightly reduces
the PEEM contrast in the high temperature region, but
allowed us to perform faster acquisitions, thus increasing
the number of data points taken during the tempera-
ture ramps (for further details see Supplementary Fig.
3 and Supplementary Note 1). In all images a round-
shaped surface defect (dashed square) provides a well-
contrasted reference feature used to compensate for the
time-dependent spatial drift and keep the same area of
interest in focus during the experiment.
At T = 185 K the resulting map (fig. 2b) is spatially
homogeneous, while at T = 140 K alternating bright and
dark features (fig. 2d) appear. We identify the bright
features as insulating domains nucleating in a metallic
matrix during the MIT. Indeed, as shown in fig. 2c, the
bright features display local spectra that are shifted to
lower energies when compared with the dark ones. Such
shift is in qualitative agreement with the spatially aver-
aged XAS spectra of fig. 2a measured above and below
the transition temperature. We note that, even if the de-
tection of this energy shift is at the resolution limit of the
PEEM technique, we obtained a sufficiently high signal-
to-noise ratio by considering relative intensity differences
at two distinct energies.
If we compare the PEEM and atomic force microscopy
measurements acquired with the same sample orientation
(figs. 1a and 2d), we find a direct relationship between the
insulating domains and surface morphology. Our ex-situ
comparison is allowed by the single-crystal nature of our
samples (see additional X-ray diffraction characterisation
in Supplementary Fig. 4), where the surface terraces ori-
entation is preserved over millimetres. The surface ter-
races act as nucleation centres for the insulating phase,
so that insulating domains form and grow preferentially
along them, resulting in a striped shape. This is consis-
tent with reports of sensitivity to strain for the nickelates
[17], suggesting that the local periodic strain field at the
step edges can confine the insulating phase on the ter-
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FIG. 2. The PEEM imaging contrast from photon-energy-shifted XAS spectra of metallic and insulating phases.
(a) Temperature dependence of Ni L3 XAS spectra measured over the full field of view. PEEM images showing (b) the metallic
phase at 185 K and (d) the insulating phase at 140 K. A surface defect used as a reference feature for drift-correction is indicated
by the dashed square. (c) Domains resolved XAS spectra of bright and dark features in panel (d). Scale bar, 1µm.
races, limiting its expansion. These observations have
been reproduced on three different samples, confirming
that the domain orientation and size are dictated by sur-
face morphology (Supplementary Fig. 5). Our finding
establishes an important link between sample local mor-
phology and electronic phase separations.
Nanoscale evolution of the MIT
To investigate the evolution of the insulating domains
across the MIT, the sample temperature is cycled below
and above the transition, following the hysteresis loop.
A representative set of images is reported in fig. 3a. The
percentage of area covered by the insulating domains in
each PEEM image of the series is presented in the in-
ner panel of fig. 3a. From room temperature down to
152 K the sample shows a homogeneous metallic phase.
Below 152 K insulating domains nucleate and grow along
the preferential direction given by surface terraces, grad-
ually forming striped regions. Between 146 K and 140 K
the domain evolution saturates at about 60% coverage
and no additional insulating regions are formed. This
domain configuration is stable for the whole duration of
the measurements (several hours).
The reverse transition, back to the metallic state, is
rather different. Upon heating, no change is initially ob-
served up to 161 K, in agreement with the hysteretic,
first-order nature of NdNiO3 MIT. Above 161 K the insu-
lating stripes become narrower and are pinched off by the
expanding metallic matrix into many, small and closely
spaced nano-domains. These appear to be evenly dis-
tributed across the field of view, in stark contrast to the
striped domains observed on cooling (i.e. compare the
fig. 3a heating and cooling images at 164 K and 150 K,
respectively, with approximately the same insulating do-
main coverage). At T = 165 K all the insulating domains
disappear and the homogeneous metallic phase is recov-
ered. Interestingly, we note that the insulating domains
do not fully populate the surface as the area coverage
reaches the saturation value of about 60%. We observe no
significant variation of the coverage down to 130 K, the
lowest temperature attainable in our experiment. The
domains are often spaced by metallic regions, which per-
sist at the surface step edges. This effect might be related
either to local strain fields in proximity of the step edges
or to inhomogeneous surface termination.
A clear asymmetry between the metal-to-insulator and
insulator-to-metal transition is underscored by the two-
dimensional Fourier transform (FT) of the PEEM images
acquired during the temperature cycle. The temperature
dependence of the FT power spectrum line-cuts along
the direction perpendicular and parallel to the striped
domains is reported in figs. 3b and 3c. The intensity at
k = 0 corresponds to the domains area coverage in the
inner panel of fig. 3a, and its maximum value at 140 K is
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FIG. 3. Temperature evolution of insulating domains across the MIT. (a) During each thermal cycle the insulating
domains nucleate and grow on cooling, while they gradually disappear on warming (see video in the Supplementary Material).
The inner panel shows the percentage of image area covered by the insulating domains as a function of temperature, highlighting
the hysteretic behaviour of the MIT with a finite width down to the single domain. Scale bar, 1µm. (b) Perpendicular and
(c) parallel linecuts of the two-dimensional Fourier transform with respect to the insulating domains orientation (indicated by
the black arrows) as a function of temperature. The colour scale represents the power spectrum normalised with respect to
the maximum value at T = 140 K and k = 0. The dashed ellipse evidences the asymmetry between the cooling and warming
directions.
used to normalise the spectrum. In the perpendicular di-
rection (fig. 3b) we see the appearance of an intense peak,
corresponding to a periodicity of about 230 nm, at the nu-
cleation of the insulating phase. This value matches with
the average terrace width of fig. 1b, highlighting the di-
rect relationship between insulating domains and surface
morphology. On cooling, the domain formation pattern
is characterised by the appearance of peaks correspond-
ing to multiple integers of the terrace width. These fea-
tures disappear when the domain area coverage reaches
saturation. Remarkably, these additional peaks are ab-
sent during warming (dashed ellipse in fig. 3b), indicat-
ing that a different pattern underlies the disappearance
of the insulating phase. The formation of the insulating
domains is thus a nucleation and growth process, while
their disappearance is a homogeneous melting that origi-
nates from the domain edges. This is consistent with pre-
vious reports [25], where a supercooling mechanism was
associated with the metal-to-insulator transition only. In
the parallel direction (fig. 3c), instead, negligible domain
ordering is observed, where dim peaks one order of mag-
nitude weaker than in the perpendicular case appear. We
relate this signal with the average on-terrace distance of
the residual metallic matrix in the insulating phase.
The presented MIT evolution is consistent across mul-
tiple temperature cycles. This allows us to assign lo-
cal transition temperatures to the material. In figs. 4a
and 4b we present spatially resolved maps of local TMI
and TIM, showing the temperature at which the phase
transition occurs on a certain region of the sample. Re-
peating the temperature cycle several times, the insulat-
ing domains are observed nucleating and growing always
in the same position and in the same order. As an ex-
ample we considered the areas labelled as A, B and C in
figs. 4a and 4b. If on a cool-down cycle they turn insu-
lating in an (A, B and C) order, during a warm-up they
will revert to the metallic state in the reversed (C, B and
A) order.
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FIG. 4. Spatial distribution of MIT temperature. Maps of (a) TMI and (b) TIM showing the transition temperature is a
local property of the material. Three areas are encircled to indicate the order with which they become insulating (A, B and C)
and revert to the metallic state (C, B and A). The map in (c) shows point-by-point the amount of insulating region at 140 K
in a neighbouring area of radius 100 nm. Scale bar, 1 µm.
We find in fig. 4b that the spatial distribution of
insulator-to-metal transition temperature seems to be re-
lated to the size and shape of the domains themselves. In
particular, the cores of bigger domains show higher val-
ues of TIM. This indicates that the melting process of the
insulating phase starts from the domain edges. To sup-
port this observation, in fig. 4c we determine the amount
of insulating region neighbouring each insulating point in
a radius of 100 nm at 140 K. We note how the data in
fig. 4c is evaluated from a single PEEM image at 140 K,
in contrast to figs. 4a and 4b which are extracted by us-
ing all the images in the temperature cycle. The striking
similarity between figs. 4b and 4c is a clear indication of
how the insulator-to-metal transition progresses continu-
ously from the edges to the core of each domain, so that
the bigger ones are the last to disappear. This is in agree-
ment with previous reports of an intrinsic asymmetry in
the phase transition of NdNiO3 [25].
A relevant result of our analysis is the preservation of
the MIT hysteresis down to the single domain. From
the inner panel of fig. 3a we can extract the hystere-
sis width ∆TMIT = (14± 2) K, defined as the tempera-
ture difference between appearance and complete melting
of the insulating phase. This value is in sharp contrast
with our macroscopic transport measurements, where we
found ∆TMIT = 28 K. We also note that the observed
nanoscale inhomogeneities appear on a smaller length
scale than the field of view used in the experiment, thus
providing a representative evaluation of the properties of
the material. The existence of a finite hysteresis width
down to the single domain scale, and the spatial distri-
bution of TMI and TIM provide a further insight on the
nature of the phase transition. Such results can hardly be
inferred by macroscopic measurements which are subject
to statistical averaging.
MIT through bulk and surface techniques
At this point it is worth comparing the temperature
dependence of the domain area coverage measured by
PEEM with the resistivity data, both shown in the rele-
vant temperature range in fig. 5. We see a striking differ-
ence in the extremal temperatures of the two hysteresis
loops. In the PEEM data the hysteresis loop closes at
165 K on the high temperature end, about 15 K lower
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FIG. 5. MIT hysteresis measured with different tech-
niques. Insulating domains area coverage from the inset
of fig. 3a (red dots), low-temperature transport from fig. 1d
(black line), and X-ray absorption intensity at 853 eV photon
energy relative to the intensity at 180 K measured in fluores-
cence yield (FY, green diamonds).
6than in the transport case. This means that while the
insulating domains coverage goes to zero at 165 K during
a warming ramp, the resistivity is still almost an order
of magnitude higher than in the metallic state. Assum-
ing the domains propagate completely through the film
thickness (that is, that 0% area coverage also corresponds
to 0% volume fraction), it is not possible to explain the
difference between area coverage and transport.
To get a further insight into this difference, we addi-
tionally measure the evolution of macroscopic XAS in-
tensity at 853 eV in the fluorescence yield configuration
as a function of temperature (green diamonds in fig. 5).
The MIT hysteresis measured this way is in qualitative
agreement with the transport data. In contrast to the
measurements in total electron yield performed in the
PEEM set-up, the XAS in fluorescence yield probes the
whole thickness of our NdNiO3 thin film, also providing
a more extended spatial averaging as the X-rays spot size
is about two orders of magnitude larger.
We consider two different explanations for the mea-
sured discrepancy between PEEM and transport/XAS
data. A possibility is that the observed domains do not
fully penetrate through the whole film but are, instead,
confined to the surface. In this case, our measurements
indicate that the MIT at the surface occurs at a lower
temperature than in the bulk, eventually related to local
lattice distortions at the free boundary. Another expla-
nation involves the possibility of local material metallisa-
tion due to X-ray illumination. This is a well-known open
issue when irradiating oxide materials with intense X-
rays, and changes in metal-insulator characteristics have
been previously reported [37]. Since the use of X-rays
is an intrinsic requirement of the PEEM technique, fur-
ther insight into this question will be provided by addi-
tional experiments, such as transport measurements at
the nanoscale and scanning probe techniques.
DISCUSSION
Through direct imaging by PEEM, we reported on
nanoscale phase separation during the MIT of NdNiO3
thin films. Striped domains nucleate and grow along
the terraces of the atomically flat surface, highlighting
the influence of heteroepitaxy on the phase transition.
Performing systematic imaging as a function of tempera-
ture, we showed that the transition temperature is a local
property of the material, stable across multiple temper-
ature cycles. The measurements point towards a strong
interconnection between structural and electronic degrees
of freedom in rare-earth nickelates, suggesting a new ap-
proach for controlling phase separation at the nanoscale.
METHODS
Sample fabrication. The commercially available
NdGaO3 substrate was annealed at 1000
◦C in 1 atm of oxy-
gen before sample growth to achieve a flat surface with a
regular step and terrace structure. The NdNiO3 (001)pc film
was grown by off-axis radio-frequency magnetron sputtering
in 1.80× 10−1 mbar of an oxygen/argon mixture of ratio 1:3
at a substrate temperature of 490 ◦C.
Temperature-dependent measurements. Transport,
PEEM and XAS fluorescence yield measurements have been
performed cycling sample temperature at a constant rate of
0.5 K min−1 for both ramp directions, guaranteeing that the
sample is kept in a quasi-static condition. As each PEEM
acquisition required about 20 s, we estimate an error of 0.2 K
on each data-point. Such temperature variation is negligible
compared with the phase transition evolution.
Synchrotron X-ray measurements. PEEM and XAS
fluorescence yield data have been acquired at the beamline I06
of Diamond Light Source. An X-ray beam 10 µm× 10µm in
spot size with a fluency of 1 mJ cm−2 was used in the PEEM
setup, while a 100µm× 100 µm beam with 0.01 mJ cm−2 of
fluency was employed for the XAS fluorescence yield measure-
ments. In both cases the X-rays were σ-polarised. The abso-
lute peak photon energies measured by PEEM are subjected
to an uncertainty of about 0.2 eV due to the small integra-
tion time of 1 s compared with the noise level of the system.
However, this does not affect the reported data as all PEEM
images are based on relative spatial shifts of X-ray absorption
intensity.
Data availability. All relevant data is stored at the ICT
facilities of TU Delft and is available from the authors upon
request.
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9Supplementary Information
Supplementary Figure 1. Logaritmic derivative of the resistivity from the transport measurement. The transition
temperatures TMI = 150 K and TIM = 178 K are defined as the peaks of −∂ logR/∂T during a cooling and warming cycle,
respectively. From the peaks separation the hysteresis width ∆TMIT = 28 K is extracted.
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Supplementary Figure 2. Full-range Nickel XAS taken with different X-ray linear polarisations. A small dichroism
in the XAS is observed, stemming from a combined effect of orbital symmetry and charge ordering, consistent with previous
reports [Tung et al., Phys. Rev. B 88, 205112 (2013)]. When considering the spatial distribution of dichroic signal measured
by PEEM, however, we do not observe any spatial variation compared to our noise level, for any photon energy and sample
temperature. As described in the main text for the case of σ-polarisation, it is also possible to acquire PEEM measurements at
852.0 eV and 852.7 eV with pi-polarised X-rays. Calculating their difference pixel-by-pixel, it is possible to construct equivalent
PEEM images to the one presented in the main text. We overall used σ-polarisation as it provides the most intense absorption
peak, thus determining a better signal-to-noise ratio.
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Supplementary Figure 3. Temperature dependence of PEEM imaging contrast. (a) close-up of the shift in photon
energy of Ni L3 XAS peak as a function of temperature, measured over the full field of view, from fig. 2a. Panel (b) indicates
how the XAS difference of fig. 2c changes in temperature and (c) shows the relative change in PEEM contrast.
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Supplementary Figure 4. Additional X-ray diffraction measurements of the NdNiO3 film. (a) φ-scan recorded along
the (103)pc direction. The aligned scans of the NdGaO3 substrate and NdNiO3 thin film confirm a crystallographically oriented
heteroepitaxy. In (b) and (c) reciprocal space maps of the NdNiO3 film around the (103)pc and (013)pc reflections. The in-plane
intensity distribution of the NdNiO3 film and NdGaO3 substrate are confined to the same value of reciprocal lattice vector
h = 1 in (b) and k = 1 in (c). The film is thus coherently oriented to the substrate lattice. From the position of the peaks we
extract cNdGaO3 = 3.86 nm and cNdNiO3 = 3.77 nm, consistent with previous reports [Catalan G. et al., Phys. Rev. B 62, 7892
(2000)].
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Supplementary Figure 5. PEEM images taken on 3 different samples: (a) sample discussed in the main text, (b) sample
with larger surface terraces, and (c) another sample. The insulating domains orientation and size changes from sample to
sample according to direction and size of the surface terraces. This remarks the determining contribution of heteroepitaxy in
driving the formation of the insulating phase at the metal-insulator transition.
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Supplementary Note 1
In the main text we used two fixed photon energies (852.0 eV and 852.7 eV) to construct PEEM images at all
temperatures. Because the Ni L3 XAS peaks change in temperature, the specific pair of energies that maximises the
PEEM contrast is slightly different for each different temperature. This would have involved repeating the analysis
presented in fig. 2c for all the temperature points, which is a very long measurement. Therefore we decided to slightly
sacrifice the contrast at higher temperatures in order to perform faster acquisitions, thus improving the number of
data points taken during the temperature ramps. In fig. 3 we estimate the amount of contrast-loss as a function of
temperature, demonstrating it has a negligible impact on our analysis. In particular, in fig. 3a we present a close-up
of the shift in photon energy of Ni L3 XAS peak as a function of temperature, measured over the full field of view,
from fig. 2a. The most intense peak of the multiplet (solid circles) shifts about 0.2 eV. At a given temperature, the
domain resolved XAS spectra of the metallic and insulating areas are slightly displaced as shown in fig. 2c. The
difference between these spectra at 140 K is maximum at 852.0 eV and 852.7 eV, therefore the PEEM contrast at
140 K is optimal at such energies. Figure 3b indicates how the XAS difference of fig. 2c changes in temperature under
the assumption that both the metallic and insulating spectra evolve similarly. The dashed lines in fig. 3b are rigid
shifts of the 140 K curve (solid line) by amounts extracted from the peak positions in fig. 3a. In fig. 3c we estimate
the relative change in PEEM contrast by calculating the vertical difference between the squares in fig. 3b normalised
with respect to 140 K. We see that, in the studied temperature range (140 K to 170 K), the PEEM contrast loss is
smaller than 50%. This allowed to track the evolution of the insulating phase at all temperatures, supporting the
validity of our assumptions.
